The Hedgehog (Hh) signaling pathway plays an important role in prostate development and appears to play an equally important role in promoting growth of advanced prostate cancer. During prostate development, epithelial cells in the urogenital sinus (UGS) express Sonic Hedgehog (Shh) and secret Shh peptide. The secreted Hh peptide acts on adjacent mesenchymal cells to activate the Hh signal transduction pathway and elicit paracrine effects on epithelial proliferation and differentiation. To identify mesenchymal targets of Shh signaling, we performed microarray analysis on a Shh-responsive, immortalized urogential sinus mesenchymal cell line. We found 68 genes that were upregulated by Shh and 21 genes that were downregulated. Eighteen of those were selected for further study with Ptc1 and Gli1 serving as reference controls. We found 10 out of 18 were also Hh-regulated in primary UGS mesenchymal cells and 13 of 18 in the cultured UGS. Seven of 18 exhibited Shh regulated expression in both assays (IGFBP-6, IGFBP-3, Fbn2, Ntrk3, Agpt4, Dmp1, and MMP13).
The Hedgehog (Hh) signaling pathway plays an important role in prostate development and appears to play an equally important role in promoting growth of advanced prostate cancer. During prostate development, epithelial cells in the urogenital sinus (UGS) express Sonic Hedgehog (Shh) and secret Shh peptide. The secreted Hh peptide acts on adjacent mesenchymal cells to activate the Hh signal transduction pathway and elicit paracrine effects on epithelial proliferation and differentiation. To identify mesenchymal targets of Shh signaling, we performed microarray analysis on a Shh-responsive, immortalized urogential sinus mesenchymal cell line. We found 68 genes that were upregulated by Shh and 21 genes that were downregulated. Eighteen of those were selected for further study with Ptc1 and Gli1 serving as reference controls. We found 10 out of 18 were also Hh-regulated in primary UGS mesenchymal cells and 13 of 18 in the cultured UGS. Seven of 18 exhibited Shh regulated expression in both assays (IGFBP-6, IGFBP-3, Fbn2, Ntrk3, Agpt4, Dmp1, and MMP13). Three of the 18 genes contained putative Gli binding motifs that bound Gli1 peptide in electrophoretic mobility shift assays. With the exception of Tiam1, target gene expression generally showed no differences in the concentration dependence of ligand-induced expression, but we observed strikingly different responses to direct pathway activation by transfection with activated Smo, Gli1 and Gli2.
Sonic Hedgehog (Shh) is a secreted signaling protein that regulates epithelial-mesenchymal interactions during embryonic development in a variety of organs (1) . During fetal prostate development, Shh is expressed and secreted by the epithelium of the urogenital sinus (UGS) and acts on the surrounding mesenchyme (2) (3) (4) (5) . Binding of Hh ligand to its receptor Patched1 (Ptc1), a 12-span transmembrane protein, activates an intracellular signal transduction mechanism involving a second transmembrane protein Smoothened (Smo), and results in changes in transcriptional regulation of specific target genes through the coordinated activities of three highly related Gli transcription factors (Gli1, Gli2, and Gli3) (6) . The transcriptional changes not only affect proliferation and differentiation of UGS mesenchyme but elicit paracrine signals that regulate proliferation and differentiation of the adjacent UGS epithelium (3, (7) (8) (9) . Emerging evidence suggests that proper spatial and temporal patterns of Hh signaling are required for normal prostate ductal development (1, 10) .
While the diversity of Shh effects is clear, molecules that function downstream of Shh in different contexts remains incompletely characterized. Gli1, Ptc1 and Hedgehog Interacting Protein (HIP) are the canonical targets of Hh signaling expressed in nearly all cell types examined to date (11) . However, other target genes regulated by the Shh signaling pathway likely vary between tissues and cell types, influenced by the state of differentiation and the presence or absence of co-regulators (1, 12) . A number of target genes have been described. The actin binding protein Missing in Metastasis (MIM) has been identified as a Shh-responsive gene that potentiates Gli-dependent transcriptional activation in skin development and tumorigenesis (13) . The forkhead transcription factor Foxe1 was established as a downstream target of the Shh pathway in hair follicle morphogenesis (14) . Other Hh target genes include Foxa2 (HNF-3ß) and COUP-TGII during floor plate development (15, 16) , Foxd2 (Mf-2) during somitogenesis (17) , Foxm1 in basal cell carcinoma (18) , and Foxf1 (FREAC-1 or HFH-8) during lung and foregut organogenesis (19) . Other identified target genes include SFRP1, SFRP2, IGFBP6 and SIL (1, (20) (21) (22) (23) . For the developing prostate, however, the only target gene identified thus far is IGFBP-6 (24).
We performed a microarray analysis to identify Shh-induced transcriptional changes in a previously characterized, immortalized UGS mesenchymal cell line, UGSM-2(9). We identified a combination of previously described and novel Shh targets, some of which appear to be prostate selective. The novel Shh responsive genes provide insight into the molecular mechanism of Shh regulated prostate development, suggesting roles in cell growth regulation as well as in providing cross-talk with the Wnt and Notch signaling pathways.
EXPERIMENTAL PROCEDURES
Microarray Cell Growth and RNA Isolation-UGSM-2 cells, an immortalized mouse E16 prostate mesenchymal cell lines (10) were set at confluence and allowed to attach overnight in DMEM/F12 containing 10% FBS. The next day cells were treated with Shh (R&D Systems 1845-SH/CF) or vehicle in DMEM/F-12 containing 0.1% FBS. Following 24 hours treatment total RNA was isolated using the Qiagen RNeasy RNA isolation kit with on column DNase treatment and eluted in nuclease free water.
Microarray cDNA Synthesis-First strand synthesis was performed using the SuperScript Choice system (Life Technologies Inc.). The manufacturer's protocol was modified by using a high performance liquid chromatography-purified T7-(dT) 24 primer (Genset Corp.) and incubating at 42 °C. The 20 µl first-strand reactions consisted of 100 pmol of T7-(dT) 24 primer, 10 µg of total RNA, 1X first-strand buffer, 10 mM dithiothreitol, 500 µM of each dNTP, and 400 units of Superscript II reverse transcriptase. The 150 µl second-strand reactions included 1X second-strand reaction buffer, 200 µM each dNTP, 10 units of DNA ligase, 40 units of DNA polymerase I, and 2 units of RNase H. A phenol/chloroform extraction using phase lock gels (Eppendorf-5 Prime, Inc.) and an ethanol precipitation were used to purify the double-stranded cDNA.
Microarray Synthesis of Biotin-labeled cRNA-An in vitro transcription reaction was performed starting with 5 µl of purified cDNA using the Enzo BioArray high yield RNA transcript labeling kit (Affymetrix). The in vitro transcription product was purified using RNeasy spin columns (Qiagen). 20 µg of cRNA was fragmented (0.5 µg/µl) according to Affymetrix instructions Microarray Hybridization-Quantification of the cRNA was adjusted to reflect carryover of unlabeled total RNA with an equation provided by Affymetrix: adjusted cRNA yield = cRNA measured after in vitro transcription (µg) -(starting amount of total RNA)X(fraction of cDNA reaction used in in vitro transcription). 20 µg of adjusted fragmented cRNA was added to 300 µl of hybridization mixture that included 0.1 mg/ml herring sperm DNA (Promega/Fisher), 0.5 mg/ml acetylated bovine serum albumin (Life Technologies Inc.), and 2X MES hybridization buffer (Sigma). The mixture also contained the following hybridization controls: 50 pM oligonucleotide B2 (Genset Corp.) and 1.5, 5, 25, and 100 pM cRNA BioB, BioC, BioD, and Cre, respectively (ATCC). 200 µl of this mixture was hybridized to the chips (mouse genome 430 2.0 Array) with 24-µm x 24-µm probe cells for 16 hr according to Affymetrix procedures. The 50-µm x 50-µm test chips were hybridized with 80 µl for 16 hr.
Microarray Washing, Staining, and Scanning-The probe arrays were washed with stringent (100 mM MES, 0.1 M [Na+], 0.01% Tween 20) and non-stringent (6x SSPE, 0.01% Tween 20, 0.005% antifoam) buffers in the Affymetrix GeneChip Fluidics station using preprogrammed Affymetrix protocols. The probe arrays were then stained with streptavidin phycoerythrin, and the signal amplified using an antibody solution. The streptavidin stain contained 2x stain buffer (final 1x concentration 100 mM MES, 1 M [Na+], 0.05% Tween 20, 0.005% antifoam, 2 µg/µl acetylated bovine serum albumin, and 10 µg/ml streptavidin (Molecular Probes)). The antibody amplification solution contained 2x stain buffer, 2 µg/µl acetylated bovine serum albumin (Life Technologies Inc.), 0.1 mg/ml normal goat IgG (Sigma), and 3 µg/ml biotinylated antibody (Vector Laboratories). Staining was done in the GeneChip fluidics station using pre-programmed Affymetrix protocols. The probe arrays were scanned in the Affymetrix GeneChip scanner.
Microarray Data Analysis-Microarray analysis using Affymetrix mouse 430 2.0 chip was performed in triplicate using RNA from Shhtreated and control cells. Six data files (triplicate of control and Shh treated samples) were uploaded into Affymetrix Suite 5.0 (MAS5) software. Unknown ESTs were identified by searching human genome databases. Genes whose signal intensity were lower than 40 were eliminated from further analyses because the signal was not significantly different from base line (no signal). Data with more than 2 present calls in either the control or Shh-treated group were selected for further analysis. Mean signals of the controls and Shh treated samples were calculated and compared. Student's t-tests were performed and genes with p<0.05 were selected for further analysis. Fold change was calculated by comparing signals from the Shh-treated group with signals from the control group. Genes showing fold changes greater than +/-2 were selected.
Cell Treatment for array gene validation-To validate the array data and to examine the Shh response of the array identified genes several cells lines were used.
All cells were treated at confluence for 24 hours +/-50nM Shh (R&D Systems cat.# 1845-SH/CF) and +/-5uM cyclopamine(Toronto Research Chemicals) as described above for the microarray. Following treatment, RNA was isolated with Qiagen RNeasy kit with on column DNase treatment as per manufacture's protocol. UGSM-2 cells were grown and treated as described above for the array. Mouse embryonic fibroblast (MEF) were isolated and grown as previously described (25, 26) . Balb/c 3T3 fibroblast were obtained from ATCC and grown according to ATCC protocols. Primary UGM cells were made from the mouse E16 mesenchyme, as described (9) . Primary cells were in culture for one week to expand them before exposure to Shh and cyclopamine. All experiments were performed in triplicate and reported differences were statistically significant (P<0.05; Student's t-test)
Prostate Organ Culture-E16 UGS tissues were isolated from CD-1 mice(Charles River) placed on Millicell-CM filters (Millipore) and grown in serum free media with supplements as described (26) . Tissues were incubated for three days +/-10uM cyclopamine; RNA was harvested with Qiagen RNeasy columns as per manufacture's recommendations.
Effect of Gli1, Gli2, Smo overexpression and Forskolin treatment-UGSM-2 cells were infected with retrovirus which expressed GFP alone or coexpressed GFP and Gli1, Gli2 or Smo. Cells over expressing GFP were identified by flow cytometry and analysed for expression of the gene of interest. These cells were grown to confluence, maintained at confluence for 24 hours and RNA harvested as described above. To examine the effect of forskolin, UGSM-2 cells were treated with or without 50 μM forskolin (LC Laboratories, Woburn, MA) during the 24 hour period of confluence.
Gene Expression Analysis by RT-PCRFollowing RNA isolation RT-PCR was performed with gene specific primers (Supplemental data Table 1 ) with normalization to GAPDH for each sample. Total RNA was reverse transcribed with MMLV-RT following standard protocols followed by real time PCR. PCR products were detected with Power Sybr Green (Applied Biosystems) using a BioRad iCycler thermocycler.
Immunofluorescence staining-UGS and prostate tissue sections were fixed with 10% formalin, embedded in paraffin and processed for immunofluorescence staining (27) . The following antibodies were used: rabbit anti-Tiam1 polyclonal antibody (1:250, Calbiochem); mouse anti smooth muscle actin (1:200, Sigma). Sections were DAPI counterstained, cover-slipped, and imaged.
Electrophoretic mobility shift assaysElectrophoretic mobility shift assays were performed as previously described (21), using purified Gli1 protein (aa 211-1106) or PinPoint protein (Promega, Madison, WI) fused to Gli1 aa 879-1106, lacking the zinc finger DNA binding domain. Probes were designed using MacVector software (MacVector, Inc., Cary, NC). Probe sequences are shown, listing the sense sequence (5'-3') followed by the anti-sense sequence (5'-3') used to produce the double-stranded probe. Whole mount in situ hybridization-The following cDNAs were used as probes:
Those plasmids were linearized, and digoxigenin labeled probes were prepared by transcription using T7 or T3 RNA polymerase in the presence of DIG RNA labeling mix. In situ hybridizations were performed as previously described (3). The stained tissues were incubated with 30% sucrose at 4℃ overnight, embedded in Tissue-Tek OCT compound and cryosectioned at 10 μM.
RESULTS

Identification of Shh target genes in UGS mesenchyme
In order to identify Shh target genes in the mesenchyme of the developing prostate, we performed microarray analysis in triplicate using RNA from UGSM-2 cells cultured for 24 hours in the presence or absence of Shh. Genes showing significantly different signal intensities (p<0.05) and fold changes greater than +/-2 following treatment with Shh were selected. A total of 89 genes were identified by the array: 68 were upregulated by Shh and 21 were downregulated ( Table 1) .
Eighteen of the genes whose transcription was significantly altered by Shh in UGSM-2 cells, including 14 up-regulated genes and 4 down-regulated genes, were selected for further study (Table 2) .
Shh-regulated expression in primary mesenchymal cells and the UGS To evaluate how well the target gene profile of the UGSM-2 cell line represents the general population of mesenchymal cells in the UGS, we isolated primary mesenchymal cells from the separated E16 UGS mesenchyme and cultured them in the presence or absence of Shh for 24 hr. We then analyzed expression of Gli1, Ptc1 and the 18 validated target genes by RT-PCR. Of the 18 genes, 10 demonstrated Shh regulated expression in the primary UGS mesenchyme cells (Table 2) . We then analyzed expression of the 18 genes in intact E16 UGS cultured in serum free media +/-cyclopamine (28) , an inhibitor of Hh signaling, in order to identify those genes whose expression is regulated by Hh signaling during prostate development. Thirteen exhibited significantly altered expression when Hh signaling was inhibited with cyclopamine. In each case, genes induced by Shh in the microarray (n=10) showed repression when the UGS was exposed to cyclopamine and genes repressed by Shh (n=3) were induced by exposure of the UGS to cyclopamine ( Table 2) .
Hedgehog target gene expression in the newborn prostate We performed in situ hybridization examines the expression of selected Hedgehog target genes in the newborn (P1) prostate. This time point was selected because of the robust and distinctive pattern of Shh and Gli1 expression in the nascent buds and adjacent mesenchyme, respectively (3) . Expression of all five target genes examined (Timp3, Plxna2, Dner, Cxcl14 and Igfbp3) exhibited mesenchymespecific expression localized around the nascent buds -mimicking the expression of Ptc and Gli1 (Fig. 1) .
Prostate selective expression To determine whether any of the 18 identified target genes exhibit prostate selective Hh regulated expression, we examined their Shh-dependent expression in primary E13 WT mouse embryonic fibroblasts (MEFs) and NIH3T3 cells. The cells were cultured with and without Shh, and expression of Gli1, Ptc1 and the 18 target genes was examined. Both Ptc1 and Gli1 exhibited robust Shh-induced expression in MEFs and NIH3T3 cells (Fig. 2) (Fig. 2) .
Differential regulation of Shh responsive genes Direct regulation of Shh target genes is believed to result from the combined activities of Gli1, Gli2 and Gli3. Smo regulates the activities of all three Gli genes by mechanisms that remain incompletely understood.
To
We first examined the concentration dependence of Shh-induced changes in expression of several of the newly identified Hh target genes and found that most followed the same pattern as Gli1 and Ptc1 with a dose dependent expression which reached a plateau and remained elevated even with additional ligand (supplemental data Fig.1 & Fig. 2 ). Tiam1 exhibited a uniquely different concentrationdependence of expression. Expression increased to a maximum at 10-50nM Shh and then progressively decreased to uninduced levels at higher concentrations (supplemental data Fig. 1 ). Localization of Tiam1 in the P10 and adult prostate by immunofluorescence staining shows expression co-localizing with SMA in stromal cells surrounding the prostatic ducts (Fig. 3) .
We next assayed the transcriptional response by transfecting UGSM-2 cells with an activated form of Smo, full length Gli1 or an activated form of Gli2. All three manipulations would generally be considered methods of achieving Hh target gene activation and, indeed, the canonical target genes Gli1 and Ptc1 exhibited significantly increased expression in response to transfection with all three constructs.
Overall, induced increases in expression were lowest following Gli1 transfection and greatest after Smo transfection. When we assayed for changes in expression of the 18 target genes using the same cDNA made from those cells, most of the genes exhibited consistent induction or repression by the three manipulations. This included IGFBP-6, IGFBP-3, Ntrk3, Agpt4, Artn, Timp3, Tiam1, Plxna2, Fgf5, Dmp1, Mmp13, Rgs4, Sufu (data not shown). However, we uncovered some intriguing differences. Some of the target genes (Dner, Fbn2, BRAK [Cxcl14] and Hsd11b1) were not induced by either Gli1 or Gli2 transfection, but were induced by Smo transfection. And, in striking contrast, Tnmd showed the highest level of induced expression with Gli1 transfection and the lowest level of induced expression with Smo transfection (Fig. 4) . Fig. 3 ). Electrophoretic mobility shift assays were performed to determine the ability of these ten putative binding sites to interact with the DNA binding motif of Gli protein.
Gli binding elements in the promoters of Shh target genes
The putative Gli-binding elements from promoter region of target genes IGFBP-3, Fbn2 and Rgs4 bound Gli protein specifically (Fig. 5) .
Unique target gene response to PKA activation Fnb2 contains a bona fide Gli binding element but neither Gli1 nor an activated form of Gli2 is able to activate Fbn2 expression (Fig. 6) . Since gene activation can be achieved by alleviating repression by Gli3 and Gli3 processing is regulated by PKA (30,31), we examined the effect of the PKA activator forskolin on Shh induced Fbn2 expression. Forskolin reduced basal expression and blocked Shh induced expression of Fbn2, consistent with its regulation by Gli3 (Fig.  6 ). Hsd11b1 is another identified target gene which exhibits activation by Smo but not by either Gli1 or activated Gli2. Forskolin increased basal expression of Hsdllb1 but no further increase in expression was induced by Shh (Fig. 6 ).
DISCUSSION
We used RNA microarray analysis of an immortalized mesenchymal cell line to identify Shh responsive genes in the fetal prostate. We could not perform a direct analysis of the cultured E16 UGS because the endogenous Hh ligand would obscure the effect of exogenous Shh peptide and the use of a chemical inhibitor such as cyclopamine could be complicated by non-specific effects. We are able to isolate and culture the E16 UGS mesenchyme (3), but the yield of RNA from this is extremely low and would have required an amplification step before array analysis. We considered using freshly isolated E16 UGS mesenchymal cells cultured in monolayer, but our studies of freshly isolated cells suggest that there is significant variability in the growth and behavior of these mixed cell populations that could make validation of the array analysis problematic.
Ultimately, we elected to use the previously characterized UGSM-2 cell line which we have shown recapitulates the androgen and Hh responsiveness of the normal UGS mesenchyme and can participate in glandular morphogenesis of the developing prostate (9) . The time point selected for analysis of the transcriptional response to Hh ligand was based on our previously published studies characterizing the kinetics of induction of Ptc1, Gli1 and Hip in Shh treated cells and on preliminary studies examining the expression of known target genes such as IGFBP-6(25). These studies suggested that 24 hours after Shh stimulation was the earliest time point at which we could expect a robust transcriptional response of novel Hh target genes -a time point that might include both primary and secondary response genes.
To the extent that the UGS mesenchyme is a heterogeneous tissue layer, we expected that the transcriptional response of the UGSM-2 cells might not accurately represent the response of the intact UGS mesenchyme. We were surprised to find that 16 of 18 genes identified in the microarray as putative Hh target genes exhibited Hh regulated expression in either primary UGS mesenchyme cells, the intact UGS or both. Even more remarkably, all five genes (Timp3,Plxna2,Dner,Igfbp3 and Cxcl14) selected for analysis of expression in vivo exhibited mesenchyme-specfic expression adjacent to sites of robust Shh expression reminiscent of the distribution of Gli1 and Ptc expression in the newborn prostate (3, 29) . One explanation is that UGSM-2 cells faithfully represent the dominant Hh responsive cell type in the E16 UGS mesenchyme. However, another possibility is that the target genes identified in the array are generic Hh target genes and not specific to the mesenchyme of the developing prostate. Several previous studies used micro arrays to investigate However, our studies identified several genes that had not been previously identified as Hh targets.
To identify genes for which regulation by Hh signaling is prostate-selective, we examined expression of the validated genes in MEFs and NIH3T3 cells. Three genes (Dner, Tnmd and Timp3) that exhibited a diminished response to Shh treatment in both cell lines may be considered as potentially prostate-selective Hh target genes, but this remains to be established by further studies.
Dner, Tnmd and Timp3 have been studied in other contexts and have all been shown to have roles in growth regulation. Tnmd is a regulator of tenocyte proliferation (35) ; Timp3 has been shown to regulate cell proliferation, inflammation and innate immunity; both Tnmd and Timp3 function as angiogenesis inhibitors (35) (36) (37) (38) . Dner has been previously characterized as a neuron-specific Notch ligand and is essential for precise cerebellar development by stimulating morphological differentiation of Bergmann glia (39) . Our study provides the first evidence for its expression in the developing prostate.
Among the other putative target genes newly identified on the array but not necessarily prostate selective are genes related to Notch and Wnt signaling. Hes1 and Efnb2 are both known targets of Notch signaling, with the expression of Hes1 also having been shown to be dependent on Shh in tissues such as retina and cerebellum (40, 41) . Another gene, Kremen1, is a Dickkopf receptor that negatively regulates Wnt signaling pathway (42) . These findings suggest previously unrecognized cross-talk or points of conversion between Hh signaling and the Wnt and Notch signaling pathways during prostate development.
Another notable feature in the genes identified here are three involved in regulating angiogenesis, including Efnb2, Rgs4, and Angiopoietin-4 (Agpt4) (43) (44) (45) .
Hh regulation of early target gene transcription is thought to be mediated by the activities of the three members of the Gli family whose combined activities are regulated by Smo and perhaps other members of the mammalian Hh signal-transduction machinery by a combination of phosphorylation events, protein processing and nuclear translocation. In previously published studies, we examined the transcriptional regulation of the canonical Hh target genes Gli1, Ptc1 and Hip in wild type, single Gli allele mutant and double Gli allele mutant MEFs (25) . Those studies demonstrated similar patterns of Hh ligandinduced transcription of Gli1 and Ptc1 in the different mutant cells -arguing for a common mechanism of regulation. But it is clear that other target genes are differentially regulated. How is this achieved? Presumably, a major mechanism of regulation is dependence on specific, albeit as yet unidentified transcriptional co-factors working in combination to influence the transcriptional machinery and produce a unique pattern of target gene activation. However, other mechanisms for differential gene regulation exist. In Drosophila, selective gene activation results from a differential responsiveness of target genes to a concentration gradient of Hh ligand. Our studies identify Tiam1 (T lymphoma invasion and metastasis 1), a guanine nucleotide exchange factor, as a gene whose Hh-regulated expression may be gradient dependent and it is notable that Tiam1 expression is found in a restricted zone of stroma around the ducts of the developing prostate. Expression of Hh target genes in the periductal stroma is not unexpected since Shh is expressed by the epithelium of the developing ducts, but the colocalization with the band of SMA expression around the ducts suggests the intriguing possibility that a restricted band of Tiam1 expression induced by the gradient of secreted Shh ligand plays a role in radial patterning of the duct and determining the location of smooth muscle induction.
Differential target gene regulation in mammals can also occur from varying affinities of the three different Gli factors for Gli binding sites in different promoter regions. Indeed, recent studies have shown a differential regulation of Ptc1 and Bcl2 in human epidermal cells that is attributed to relative affinities of Gli1 and Gli2 for the Gli binding sites in the promoters of the two genes (46, 47) . Here we tested whether Gli1, Ptc1 and the non-canonical Hh target genes identified in our array are similarly responsive to retroviral transfection of UGSM-2 cells with activated Smo, Gli1 or activated Gli2. The data show that this is clearly not the case and, furthermore, reveal three distinctive response patterns among the genes tested: 1) Genes that are induced (or repressed) by all three constructs. Genes in this category include Gli1 and Ptc1 as well as IGFBP-6, IGFBP
There are likely a variety of reasons for the different patterns of response, but the data presented here provide a starting place for functional studies to examine this issue. Indeed, we explored the role of Gli3-mediated regulation in expression of two genes, Fbn2 and Hsd11b1, which exhibited Smo-induced expression but were not activated by either Gli1 or activated Gli2. The PKA activator forskolin enhances the proteolysis of Gli3 to generate a repressor form. As would be expected for a gene regulated by Gli3, Fbn2 induction by Shh was blocked by forskolin treatment. The induction of Hsd11b1 by Shh was also blocked by forskolin, while constitutive expression was increased, suggesting multiple roles for PKA in the regulation of Hsd11b1.
In previously published studies IGFBP-6 and Foxd1 have been shown to have conserved Gli1 binding motifs which were confirmed by gel shift binding assays (21) . To determine whether any of our identified target genes might be regulated directly by Gli proteins, we examined the promoter regions of those genes. Putative Gli binding motifs were found in ten of them. Functional Gli binding sites were found in 3 of them after performing gel shift assay.
Identification of mesenchymal target genes of Hh signaling in the developing prostate was undertaken to advance our studies of how Hh signaling regulates prostate budding and ductal morphogenesis. In addition to identifying specific Hh target genes, these studies provide the first evidence to our knowledge for cross-talk and/or convergence between Hh signaling and the Wnt and Notch pathways in the fetal prostate and offer novel opportunities to begin elucidating the importance of these connections in regulating growth. These findings are particularly relevant to ongoing studies of Hh signaling in prostate cancer. We have previously shown that paracrine Hh signaling occurs in human prostate cancer and can promote tumor growth in a xenograft model (8) . In more recent studies, we have shown that expression of multiple target genes identified here correlate significantly with Hh signaling in specimens of human prostate cancer, but not benign prostate tissue, suggesting a re-activation of fetal signaling mechanisms in cancer (unpublished observations). It is hoped that identification of these Hh target genes and the connections of Hh signaling with the Wnt and Notch pathways -both implicated in prostate cancer -will advance the effort to devise new targeted therapies for advanced disease not amenable to ablative therapy. Table 1 . Genes regulated by Shh in UGSM-2 cells after 24hr treatment. 89 genes changed at least 2 fold between 24 hours control sample and 24 hr Shh treatment sample listed accordinig to fold change 
